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Sea ice is a large and diverse ecosystem contributing signiﬁcantly to primary production in ice-covered regions. In the Arctic
Ocean, sea ice consists of mixed multi-year ice (MYI), often several metres thick, and thinner ﬁrst-year ice (FYI). Current global
warming is most severe in Arctic regions; as a consequence, summer sea ice cover is decreasing and MYI is disappearing at an
alarming rate. Despite its apparent hostility, sea ice is inhabited by a diverse microbial community of bacteria and protists, many of
which are photosynthetic. Here we present an assessment of eukaryotic biodiversity in MYI and FYI from the central Arctic
Ocean using high-throughput 454 sequencing of 18S rRNA and rDNA amplicons. We compared the rDNA-based ‘total’
biodiversity with the ‘active’ biodiversity from rRNA amplicons and found differences between them including an over-
representation of Ciliophora, Bicosoecida and Bacillariophyceae operational taxonomic units (OTUs) in the active part of the
community. Differences between the two libraries are more pronounced at the lower taxonomic level: certain genera, such as
Melosira, are more abundant in the rRNA library, indicating activity of these genera. Furthermore, we found that one FYI station
showed a higher activity of potential grazers which was probably due to the advanced stage of melt evident by higher ice
temperatures and highly porous ice compared with the other stations.
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INTRODUCTION
Sea ice appears to be a hostile habitat with respect to
its abiotic properties. Nevertheless, a diverse sympa-
gic (i.e. ice associated) community thrives within the
sea ice matrix, contributing signiﬁcantly to primary
production, to net carbon ﬂux of the Arctic Ocean
(Comeau et al., 2013), and representing an important
energy source for higher trophic levels. Gosselin et al.
(1997) found that sea ice algae from ﬁrst-year ice
(FYI) and multi-year ice (MYI) in the central Arctic
Ocean, on average, contributed 57% of the total pri-
mary production. However, the annual primary pro-
duction of sea ice algae (5 to 10 g C m–2 year–1) is low
compared with Arctic pelagic phytoplankton (12 to 50
g Cm–2 year–1) (Legendre et al., 1992; Gosselin et al.,
1997). Ice-related primary production can have large
spatial and temporal variability and may be more
important in areas with dense ice coverage. The
on-going shift from older, thicker MYI towards
younger, thinner FYI (Kwok & Rothrock, 2009;
Maslanik et al., 2011) observed in the Arctic Ocean
will have a pronounced impact on sea ice-related
primary production. MYI has different physical char-
acteristics than FYI, but more importantly MYI com-
prises two different ice types: (1) older ice
corresponding to the upper portion, which has sur-
vived at least one previous melt season and which is
representative of the multi-year component; and (2)
younger ice corresponding to the bottom portion,
which has formed since the previous year’s melt sea-
son and therefore is similar to ﬁrst year ice (Perovich,
2011). Different bacterial communities have been
found to reside within these different components of
MYI (Hatam et al., 2014). Therefore, it is likely that
there are also differences in the protist communities
within MYI and between MYI and FYI.
It remains difﬁcult to describe a ‘typical’ sea ice
community as it can be impacted by several envir-
onmental variables (e.g. abiotic, grazing pressure,
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seasonal changes) or by the species composition
present within the water column during ice forma-
tion. During this process, microorganisms can be
passively trapped within or at the surface of these
ice crystals (Garrison et al., 1983; Eicken, 1992)
and later they are enclosed within the sea ice matrix
(Arrigo et al., 2010). During winter, the abundance
of photosynthetic species, and thus primary produc-
tion, decreases drastically (Bachy et al., 2011),
resulting in a community dominated by non-photo-
synthetic organisms (Bachy et al., 2011; Majaneva
et al., 2012). However, as soon as light levels begin
to increase in springtime, phototrophic species
thrive and may form bloom communities by late-
spring to early-summer (see Arrigo, 2014). The
decline of this bloom is accompanied by increased
grazing pressure of heterotrophs, indicating a post-
bloom situation (Wassmann & Reigstad, 2011).
In addition to seasonal changes, the sea ice physical
environment itself is a highly variable system on all
spatial scales which has an inﬂuence on the distribu-
tion of sea ice communities (Vancoppenolle et al.,
2013; Arrigo, 2014). Snow cover, and thus light trans-
mission, signiﬁcantly inﬂuences the distribution of
phototrophic sea ice inhabitants, especially during
spring and early summer (Perovich, 1990; Rysgaard
et al., 2001; Granskog et al., 2005). Other physical
properties can also play an important role in structur-
ing sea ice communities, such as ice thickness
(Granskog et al., 2005) and variations in ice structure
associated with ice rafting (Babko et al., 2002).
In the past, many studies investigated the diversity
of sea ice assemblages by light microscopic surveys
and cell counts (Booth & Horner, 1997; Gradinger,
1999; Melnikov et al., 2002; Mundy et al., 2011;
Niemi et al., 2011) and/or ﬂow cytometry (Mundy
et al., 2011). However, some species might be difﬁcult
to identify due to their small size, paucity of morpho-
logical traits and sometimes absence of plastids (not
detectable by methods based on photosynthetic pig-
ments, e.g. HPLC), resulting in an incomplete view of
the biodiversity. More recently, high-throughput
sequencing techniques have enabled the acquisition
of more detailed information about the structure of
communities (Bik et al., 2012). Until present, there are
only a few studies investigating the protist commu-
nities in sea ice by molecular methods (Eddie et al.,
2010; Bachy et al., 2011; Poulin et al., 2011;
Majaneva et al., 2012; Comeau et al., 2013; Piwosz
et al., 2013).
In this study, we investigated sympagic protist com-
munities in sea ice cores from four different regions of
the central Arctic Ocean using 454 sequencing of the
18S rDNA and the 18S rRNA, and compared the
biodiversity of FYI and MYI. We were also interested
in comparing the total (as assessed by rDNA
sequences) vs. active (rRNA based) part of the protist
communities, as these approaches for other habitats
have been shown to reveal more detailed information
on the biological activity of individual phyla (Stoeck
et al., 2007; Logares et al., 2014). Clustered opera-
tional taxonomic units (OTUs) were taxonomically
classiﬁed using both a method based on sequence




Sea ice algal community samples were taken at four different
ice stations (FYI: 237, 255, 277, MYI: 360, Fig. 1) during the
expedition ARK-XXVII/3 (PS80/3) of RV Polarstern to the
central Arctic Ocean from 2 August to 10 October 2012. We
have used the original cruise station numbers as assigned on
board according to RV Polarstern conventions for the sake of
traceability; additional station information has been depos-
ited at http://doi.pangaea.de/10.1594/PANGAEA.792734.
Ice cores with a diameter of 9 cm were extracted with a
Mark II Coring System (Kovacs Enterprises, Roseburg,
Oregon, USA). At each station, three ice cores were sampled
and processed for salinity, temperature, texture and density.
Ice temperature measurements were conducted on texture
cores immediately after extraction. Texture and density
cores were stored at −20ºC for later analyses. Immediately
after extraction, the salinity cores were melted on the ship and
analysed for salinity using a conductivity meter (WTW
3300i, WTW Wissenschaftlich-Technische Werkstätten
GmbH, Weilheim, Germany).
Within 1 m of the above cores, two cores were drilled
adjacent to each other for RNA and DNA extraction. Both
were cut into 0.1 m sections and immediately transported to
the ship for further processing. The RNA cores were sampled
last and processed ﬁrst to avoid degradation of the RNA and
Fig. 1. Locations and dates of the four ice stations sampled in
the central Arctic Ocean between 2 August and 10 October
2012. Red dots indicate ﬁrst-year ice (FYI) stations 237, 255
and 277. Blue dot indicates the multi-year ice (MYI) station 360.
















































changes in the expression rates. Ice sections were crushed
manually, ﬁlled with 0.1 l (per 0.1 m of ice core) seawater
with a salinity of 70 PSU to avoid osmotic stress of the algae,
pooled and melted at room temperature with occasional shak-
ing. After melting, the complete ice core was ﬁltered on 1.2–
2.0 µm IsoporeTM polycarbonate membrane ﬁlters (1.2 µm
RTTP, 2.0 µm TTTP, Merck Millipore, Schwalbach,
Germany) to collect the protist community. Replicate ﬁlters
were taken from each DNA and RNA ice core. RNA ﬁlters
were stored in liquid nitrogen until further analyses. The
DNA cores were processed in the same way except that
they were melted at 4°C for 1–2 days.
Abiotic properties
Density measurements were done by ﬁrst calculating the
volume V of each piece (V ¼ πr2h) and afterwards the den-
sity ρ (ρ ¼ mV ). In some instances, calculated density values
were greater than the expected theoretical ice density value of
917 kg m–3 (Yen et al., 1991). These values were replaced
with the theoretical density value in further calculations. This
was likely due to refreezing of seawater or brine along the
outside of the core resulting in the overestimation of mass and
thus density. Brine volume Vb estimates were calculated from
the measured temperature and salinity values using equations
in Cox &Weeks (1983) and Yen et al. (1991). The relative air
volume Va/V, hereafter referred to as porosity, was calculated
following equations in Cox & Weeks (1983).
Satellite-derived sea ice concentration data were acquired
from the University of Bremen for each corresponding sam-
pling date (http://www.iup.physik.uni-bremen.de/; Spreen
et al., 2008, updated). Sea ice concentrations are reported as
the average calculated over a 9 grid cell square (~380 km2),
with the ice station at the centre cell. Distance to the ice edge
was calculated for each ice station by measuring the distance
from the ice station to the closest point/grid cell where large
open water areas were present (e.g. grid cells < 15%).
RNA extraction
Total RNA was extracted from pooled replicate ﬁlters of the
same ice core. Filters were washed with 1 ml of 65°C pre-
warmed TRI Reagent® (Sigma-Aldrich, Munich, Germany)
before adding glass beads to disrupt cells mechanically for 30 s
with a beadbeater. Samples were incubated 5 min at 65°C,
treated a second time for 30 s in the beadbeater and then
centrifuged at 13 000 rpm for 5 min. Puriﬁcation of RNA
from the extracts was carried out following the manufacturer’s
protocol of the Direct-Zol RNAMiniPrep kit (ZymoResearch,
Freiburg, Germany) with an additional DNase I digestion
(Zymo Research, Freiburg, Germany) step for 20 min at
35°C. Concentration and purity of the extracted RNA was
quantiﬁed spectrophotometrically with a NanoDrop ND-1000
spectrometer (Thermo Fisher Scientiﬁc,Wilmington, Delaware,
USA). When required, the RNA was further puriﬁed with the
RNeasyMinElute Cleanup kit (Qiagen, Hilden, Germany). The
quality of the extracted RNAwas veriﬁed by a RNANano Chip
Assay with the 2100 Bioanalyzer device (Agilent Technologies,
Böblingen, Germany). Only non-degraded RNA samples of
high concentration and without contaminations were used for
further analyses.
DNA extraction
Total DNA was extracted using DNeasy Plant Mini kit
(Qiagen, Hilden, Germany) following the manufacturer’s
protocol with an additional mechanical 10 s cell disruption
step using glass beads and an additional proteinase K
(AmpliChem, Darmstadt, Germany) digestion step during
the RNase A (Qiagen, Hilden, Germany) digestion. The iso-
lated genomic DNA was analysed and visualized by gel
electrophoresis in 1% TAE agarose. All samples that showed
large (> 10 000 bp) non-degraded fragments were used for
further analyses.
Reverse transcription and full-length 18S ampliﬁcation
Single-stranded cDNA was produced using a SuperScript III
Reverse Transcriptase kit (Invitrogen, Darmstadt, Germany)
with an initial concentration of approximately 100 ng of tem-
plate RNA. The manufacturer’s protocol was modiﬁed as
follows: incubations were conducted at 37°C and 42°C, each
for 45 min, followed by the addition of 1 µl of
fresh SuperScript III RT, an additional incubation at 50°C
and 55°C, both for 30 min, and a ﬁnal incubation step at 37°
C for 20 min with 1 µl of RNase H (Invitrogen, Darmstadt,
Germany). Immediately after cDNA synthesis, samples were
puriﬁed using a MinElute PCR puriﬁcation kit (Qiagen,
Hilden, Germany). The concentration of each sample was
again quantiﬁed spectrophotometrically (NanoDrop ND-
1000). The 18S gene was then ampliﬁed by PCR in 50 µl
total volume, with both cDNA and DNA as templates, as
follows: 10 mmol/dNTP dNTP mix (Qiagen, Hilden,
Germany), 10 µmol/l F and R primer (Euroﬁns MWG
Operon, Ebersberg, Germany), 10× Taq polymerase buffer, 5
U µl−1 Hot Master Taq Polymerase (5’ Prime, Hamburg,
Germany), and 1 µl template DNA (10 ng µl−1). Cycling
conditions were: an initial denaturation at 94°C for 5 min,
followed by 35 cycles of denaturation at 94°C for 1 min,
annealing at 58°C for 2 min, elongation at 72°C for 2 min,
and a ﬁnal elongation at 72°C for 10 min. The primers 1F
(5’-AACCTGGTTGATCCTGCCAGT-3’) and 1528R (5’-
TGATCCTTCTGCAGGTTCACCTAC-3’) (Medlin et al.,
1988) were chosen to amplify the complete gene. The
ampliﬁed gene was visualized by gel electrophoresis and
products were excised and puriﬁed from agarose residuals
using a PeqGold Gel Extraction kit s-line (Peqlab, Erlangen,
Germany).
18S PCR with speciﬁc adaptor-barcode-primer
From each of the excised 18S full-length amplicons, a smaller
amplicon with a size of approximately 400–600 bp was
ampliﬁed. During this ampliﬁcation, adaptors and speciﬁc
Multiplex Identiﬁers (MIDs) to allow multiplexing of multi-
ple samples in the Pico Titer Plate (PTP) of the 454 sequencer
were incorporated into the amplicons. PCR biases (unequal
ampliﬁcation/primer efﬁciencies) or PCR errors (sequences
artefacts due to chimeras or nucleotide errors incorporated by
the Taq polymerase) may artiﬁcially increase diversity esti-
mates (Acinas et al., 2005). To minimize these potential
biases, each PCR was performed in triplicates which were
pooled prior to the sequencing procedure (Bik et al., 2012).
PCR reaction mix and cycling conditions were used as
described above except that we used primers 528F (5’-
















































GCGGTAATTCCAGCTCCAA-3’) (Edgcomb et al., 2002)
and 1055R (5’-ACGGCCATGACCACCACCCAT-3’)
(Elwood et al., 1985) with incorporated MIDs and adjusted
annealing temperature to 75°C. The PCR products were
analysed by agarose gel electrophoresis. Products with the
correct size were excised and puriﬁed using a PeqGold Gel
Extraction kit s-line.
454 sequencing
The barcoded and puriﬁed amplicons were puriﬁed a second
time by Agencourt® AMPure® XP PCR puriﬁcation
(Beckman Coulter, Krefeld, Germany) following the manu-
facturer’s protocol to completely remove small fragments.
PCR products were quantiﬁed spectrophotometrically by a
NanoDrop ND-1000, and the triplicates were pooled in an
equimolar ratio. The quality of the DNA was again veriﬁed
using a High Sensitivity DNA Assay and the 2100
Bioanalyzer device (Agilent Technologies, Böblingen,
Germany). To quantify the amount of template DNA for
sequencing, the concentration of double-stranded DNA was
determined using the ultrasensitive ﬂuorescent Quant-iT TM
PicoGreen® (Life Technologies GmbH, Darmstadt,
Germany) according to the manufacturer’s protocol. The
emulsion PCR was performed with 0.7 molecules per bead
following the Lib-L manufactures protocol (Roche,
Branford, Germany). Sequencing was carried out using a
GS Junior Titanium Series sequencer (Roche, Mannheim,
Germany). rRNA and rDNA samples were sequenced sepa-
rately in two runs (i.e. four samples on each run).
Bioinformatics
The raw reads (stored in Standard Flowgram Format, sff)
were ﬁrst demultiplexed by using Roche gsSeqTools and
then analysed by an in-house pipeline, which wraps and
connects QIIME (Quantitative Insights Into Microbial
Ecology) scripts (version 1.6) (Caporaso et al., 2010) to
form a full analysis workﬂow. The demultiplexed raw ﬁles
were ﬁrst converted into sequence fasta ﬁles and correspond-
ing quality ﬁles. Afterwards, the sequences were prepro-
cessed to improve quality: the barcodes and forward
primers were removed and the sequences trimmed at the
ﬁrst occurrence of an ambiguous base or a homopolymer
exceeding a length of six bases. The sequence was cut/
trimmed at ﬁrst position of the reverse primer. Any sequence
with a length less than 200 bp or an average phred quality
value less than 25 was discarded. Denoising was not per-
formed, due to the fact that this process might erroneously
alter sequences to adapt them to a denoising cluster repre-
senting sequence, which can potentially lead to the loss of
rare sequence variants (Gaspar & Thomas, 2013). After qual-
ity control, the mean read length was approximately 520 bp
and approximately 60% of the sequences remained. OTU
clustering was done by USEARCH (version 5.2.236)
(Edgar, 2010) at a sequence similarity level of 98%. All
sequencing reads from both rDNA and rRNA samples were
clustered together in order to ensure traceability of OTUs
across all samples. Checking for and exclusion of chimeras
was done with the UCHIME algorithm (Edgar et al., 2011),
included in the USEARCH package by using de novo and
reference-based chimera detection (reference dataset built by
Wolf et al., 2014). The intersection of the chimera checked
sequence sets obtained by both methods were kept for further
processing. A minimum of four sequences per cluster was
required to keep it as OTU. The longest sequence of each
cluster was selected as the OTU representative sequence for
assigning taxonomy. The taxonomic identiﬁcation was based
on the Ribosomal Database Project (RDP) Classiﬁer (version
2.2) (Wang et al., 2007) with a conﬁdence threshold of 0.8.
We used the SILVA (Pruesse et al., 2007; Quast et al., 2013;
Yilmaz et al., 2014) SSURefNR (www.arb-silva.de, version
111) sequence set as taxonomic reference, which was pruned
to only contain eukaryotic sequences and clustered at a simi-
larity level of 97% to reduce computational costs (ftp.micro-
bio.me/pub/QIIME_nonstandard_referencedb/Silva_111.
tgz). The Shannon biodiversity index and the rarefaction
curve were generated by a QIIME workﬂow script for alpha
diversity. The script computes alpha diversity (in this case
Shannon index) for each sample and collates the results to
generate alpha diversity rarefaction plots (in this case based
on observed species). Trophic afﬁliation of OTUs as photo-
troph, heterotroph, mixotroph, parasitic and unknown was
done based on a literature search and is included into the
OTU table (see section data availability).
Due to the expected higher accuracy of phylogeny-based
methods over similarity-based methods, we decided to use
the similarity-based RDP program solely for a preliminary
classiﬁcation. For accurate classiﬁcation of selected
sequences the phylogeny-based PhyloAssigner pipeline (ver-
sion 6.166) (Vergin et al., 2013) was applied. This pipeline
aligns sequences to a reference multiple sequence alignment
and involves pplacer (version 1.1) (Matsen et al., 2010) to
place them upon a ﬁxed rooted phylogenetic backbone tree
using a maximum likelihood phylogenetic placement algo-
rithm. Following this concept, all OTU sequences predicted
by RDP to be Bacillariophyceae or Alveolata were extracted
and analysed in more detail by PhyloAssigner. The required
reference set, which consists of a tree and a corresponding
alignment, was achieved by selecting sequences from the
SILVA alignment and ﬁltering the SILVA guide tree using
ARB (version 5.5) (Ludwig et al., 2004). The reference set
for Bacillariophyceae was built using 1390 diatom sequences
and 196 other Stramenopile sequences as outgroup. The
Alveolata reference set was built based on 2504 sequences
with 28 Chloroplastida sequences as outgroup. To ensure a
conservative taxonomic assignment of a certain OTU
sequence, PhyloAssigner uses the last common ancestor
(LCA) node of the most likely sequence placement positions
up to a cumulative likelihood weight cut-off of 0.9 for taxo-
nomic placement. To assign taxonomy to an OTU sequence
placed at its respective LCA, which might be an inner node
without its own taxonomic information, the full taxonomic
strings of all tree leaves below the LCA node were extracted
and the common preﬁx string was used as a taxonomic
assignment.
For OTUs classiﬁed by QIIME (similarity-based) as
Bacillariophyceae and Alveolata, a heatmap of OTU abun-
dance ratios in the rRNAvs. rDNA samples was plotted with
the R software (version 3.0.2, package: gplots, default para-
meters). For this, all OTU counts for both groups were ﬁrst
normalized against total read counts per sample (see Table 1
for number of reads per sample). Normalized rDNA
















































abundances of OTUswith a count of 0 in rDNA samples were
set to the smallest value of rDNA samples found. The highest
ratios ranked by the sum of rRNA/rDNA ratios across each
sample were then plotted in a heatmap with an attached
dendrogram from complete linkage hierarchical clustering
of euclidean distances to visualize the most striking differ-
ences between rRNA and rDNAOTU abundances. R-scripts,
OTU-count data and further QIIME analysis results, includ-




The FYI stations 237, 255 and 277 had sea ice sur-
face ‘scattering’ layers, which consisted of deterio-
rated sea ice that was characterized by an
unconsolidated granular structure and could closely
resemble wet snow (Table 2). MYI station 360 had
no obvious scattering layer, showed the thickest sea
ice and was the only station with snow accumulation
(Table 2). FYI stations 255 and 277 had comparable
core lengths, which both corresponded to the thinnest
sea ice sampled, and station 237 was the thickest FYI
sampled (Table 2). FYI station 277 showed the low-
est core-averaged salinity, brine volume (although
comparable to MYI station 360), density and poros-
ity values in addition to the warmest core-averaged
temperature values (Table 2 and Fig. 2). This pattern
was even more pronounced when comparing only the
bottom parts of each core (Table 2 and Fig. 2). MYI
station 360 had the lowest averaged core-tempera-
tures and was the only station with a bottom
temperature near the freezing point (Table 2) of –
1.86ºC for seawater with a salinity of 34 PSU
(Petrich & Eicken, 2010). MYI station 360 was also
sampled latest in the season and from the highest
latitude (Table 2). All stations had comparable sur-
Table 1. QIIME output for the different stations and sample type.
237 255 277 360
DNA RNA DNA RNA DNA RNA DNA RNA total
(a)
raw reads 48658 39328 51489 39912 46804 56990 84325 67322 434828
reads after quality clipping 31522 17725 34876 22358 28411 33997 54825 38252 261966
reads after OTU clustering 22255 12030 28879 16029 23884 26097 40310 28878 198362
OTUs 427 438 402 442 298 412 447 465 714
diatom reads per sample 14709 8376 20595 12597 4628 10627 37284 10491 119307
alveolate reads per sample 4416 2717 2741 1017 5780 8290 1481 365 26807
(b)
Shannon index 6.6 7.1 5.9 6.8 5.4 6.1 6.0 6.2
(a) Summary of recovered reads before and after processing.
(b) Shannon biodiversity index.
Table 2. Abiotic properties of the three ﬁrst-year sea ice (FYI) and one multi-year sea ice (MYI) stations.
237 FYI 255 FYI 277 FYI 360 MYI
Date (M/D/Y) 08/14/12 08/20/12 08/25/12 09/22/12
Latitude (N) 83° 59.19’ 82° 40.24’ 82° 52.95’ 88° 49.66’
Longitude (E) 78° 6.20’ 109° 35.37’ 130° 7.77’ 58° 51.81’
Sea ice concentration (%) 96 97 97 100
Distance to ice edge (km) 214 156 38 515
Freeboard (m)a 0.20 ± 0.03 0.13 ± 0.01 0.18 ± 0.01 0.26 ± 0.02
Snow cover (m)a 0 0 0 0.02 ± 0.0
Scattering layer (m)a 0.06 ± 0.01 0.03 ± 0.00 0.05 ± 0.01 0
Core length (m)a 1.47 ± 0.04 0.88 ± 0.02 0.85 ± 0.05 1.97 ± 0.06
Salinity (PSU) a 1.89 ± 1.12 1.66 ± 0.75 1.23 ± 0.72 2.39 ± 0.96
Bottom 3.1 2.5 1.1 3.2
Temperature (ºC)a –0.82 ± 0.42 –0.71 ± 0.43 –0.67 ± 0.32 –1.65 ± 1.05
Bottom –1.6 –1.6 –1.2 –1.8
Brine volume (ppt)a 117 ± 62 194 ± 218 83 ± 36 83 ± 27
Bottom 93 70 53 89
Density (kg m–3)a 872 ± 54 808 ± 98 757 ± 58 860 ± 37
Bottom 917a 917a 805 888
Porosity (Va/V)
a 0.07 ± 0.06 0.15 ± 0.13 0.17 ± 0.06 0.06 ± 0.04
Bottom 0.01b 0.01b 0.13 0.04
Freeboard, snow cover, and core length are the mean (arithmetic) and standard deviation (SD, one sigma) values from the ﬁve cores taken at each
station. Salinity, temperature, brine volume, density, and porosity values are reported for each individual corresponding core and ‘bottom‘ refers to the
observation closest to the bottom (ice-water interface) of the core. a mean ± SD, b value determined or replaced by theoretical density due to
overestimation.
















































rounding sea ice concentrations, with values greater
than 95%; however, FYI station 277 was consider-
ably closer to the ice edge than all other stations
(Table 2).
Sequence analyses
A total of approximately 430 000 raw reads (across all
rRNA and rDNA samples) with assignable barcodes
were generated (Table 1). After quality clipping and
Fig. 2. Vertical sea ice core proﬁles, for each station, of: (a) salinity; (b) temperature, dashed vertical lines at −1.86ºC correspond to
freezing point of seawater with salinity of 34; (c) brine volume; (d) density, dashed vertical lines at 917 kg m–3 correspond to
theoretical density of ice (shown are raw values without correction for overestimated values > 917); and (e) porosity (calculated using
corrected density values).
















































discarding reads < 200 bps approximately 260 000
reads were left and of these, 198 000 reads were clus-
tered to OTUs, corresponding to 45.6% of the total
raw reads. In total, 11 222 potential chimeras were
removed. An average of 24 750 reads per sample
were clustered into OTUs (range: 12 030 to 40 310).
We found a total of 714 different OTUs for all stations.
Rarefaction curves (Fig. S1) showed no saturation in
any sample, meaning that the diversity of sea ice
protists was not fully recovered.
OTU diversity of Arctic sea ice protists
Taxonomic classiﬁcation of OTUs was performed by
two different methods: the QIIME and the
PhyloAssigner pipeline. The whole dataset was pre-
processed and clustered using QIIME, including a
similarity-based taxonomic assignment by RDP.
Additionally, for OTUs that were classiﬁed by QIIME
to belong to the twomost abundant and diverse groups,
Bacillariophyceae and Alveolata, phylogenetic place-
ment was performed using PhyloAssigner. In the
following, we describe the phylogenetic composition
based on the number of different OTUs found (as a
measure of diversity) and not on sequence abundance
of the described OTUs across all samples and both
rRNA and rDNA libraries.
Based on QIIME, > 95% of the 714 OTUs were
classiﬁed into one of the three super-groups:
Stramenopiles (64% OTUs), Alveolata (17% OTUs)
and Rhizaria (13% OTUs) (Fig. 3, Table S1). The
remaining OTUs (< 5%) belonged to the super-groups
Chlorophyta, Cryptophyceae, Haptophyta, Holozoa
and Telonema. The largest amount of Stramenopile
OTUs (79%) clustered as Bacillariophyceae (diatoms)
(Fig. 3, Table S2), with Bacillariophycidae (raphid
pennate diatoms, 83.8%) as the most abundant subclass
based on PhyloAssigner (Table S3). Five per cent of the
Stramenopile OTUs were clustered as Bicosoecida
(Fig. 3, Table S2). Within Alveolata, PhyloAssigner
classiﬁed 27.9% of the OTUs as Dinoﬂagellata and
71.3% of Alveolata OTUs as Ciliophora (Table S4).
A large fraction of the Rhizaria OTUs (79.9%) was
classiﬁed into Thecoﬁlosea, with Cryothecomonas
Fig. 3. Relative OTU abundance (%) of the super-groups (top, greenish colours), Stramenopiles (middle, bluish colours), and
Alveolata (bottom, greyish colours) found in the rDNA and rRNA libraries at each sampling location based on QIIME.
















































Thomsen Buck, Bolt & Garrison (incertae sedis) as the
most abundant genus (data not shown).
Due to the complexity of the dataset, we here focus
on the representatives of the three most abundant
protist groups: Stramenopiles, Alveolata and
Rhizaria. Furthermore, we present the results for the
two different sample types (FYI and MYI) in the
context of both rDNA and rRNA libraries.
Relative protist OTU abundances in Arctic FYI
We characterized relative abundance patterns of taxa
among the samples based on counts of sequences
assigned to OTUs. The three FYI stations differed
only slightly with respect to their biodiversity on the
super-group level. rRNA libraries had a higher
Shannon diversity index than their corresponding
rDNA counterparts irrespective of the location
(Table 1).
Apart from these similarities, FYI station 277 dif-
fered markedly from the other two FYI stations. The
lowest relative abundance of Stramenopiles of all sta-
tions was found in FYI station 277, together with the
highest relative abundance of Rhizaria and Alveolata
OTUs of all stations. Looking at this station in more
detail showed that the rDNA library of this station had a
lower relative abundance of OTUs classiﬁed as
Stramenopiles (rDNA: 29%, rRNA: 55%) and
Alveolata (rDNA: 24%, rRNA: 32%), but had a higher
relative abundance of Rhizaria OTUs (rDNA: 26%,
rRNA: 11%) than the corresponding rRNA library
(Fig. 3, Table S1). The trophic afﬁliation of this station
also shows differences to the other FYI stations. At FYI
station 277, we observed a lower amount of
phototrophs (rDNA: 26%, rRNA: 54%), compared
with FYI station 237 and 255 (rDNA: 70% and
rRNA: 74% at station 237; rDNA: 82% and rRNA:
89% at station 255) (Fig. 4). The differences of FYI
station 277 from the other FYI stations are even more
pronounced between both libraries on a lower taxo-
nomic level analysed by PhyloAssigner: we found the
highest relative amount of pennate diatoms
(Bacillariophycidae) at FYI station 277. The pennate
diatoms Bacillaria J.F. Gmelin, a phylotype most clo-
sely related to the naviculoid strain CCMP2297, and
MelosiraC. Agardh were most abundant at FYI station
277 compared with the other FYI stations. Whereas
Bacillaria was most abundant in the rDNA library,
CCMP2297 and Melosira showed higher abundances
in the rRNA library, with Melosira being absent from
the rDNA library (Table S3). This is also reﬂected in the
high rRNA/rDNA ratios of Melosira OTUs, whereas
no other Bacillariophyceae OTU showed an rRNA/
rDNA ratio signal at station 277 (Fig. 5).
We also found an alternating pattern between
Alveolata sequence abundances in rDNA and rRNA
libraries, irrespective of the sampling location. In
every FYI rDNA sample, there were more
Dinoﬂagellata OTUs compared with the correspond-
ing rRNA library and in every rRNA library, we found
a greater relative abundance of Ciliophora OTUs than
in the rDNA library (Fig. 3, Table S5). This pattern is
also reﬂected by the trophic afﬁliation of the commu-
nity: each rDNA library hadmoremixotrophic genera,
whereas the rRNA library had more heterotrophic
genera (Fig. 4). Again, FYI station 277 showed a
different pattern from the other FYI stations, by hav-
ing the greatest amount of heterotrophs of all FYI
Fig. 4. Classiﬁed OTUs divided into photo-, hetero- and mixotrophs (trophic afﬁliation) for both rRNA and rDNA libraries for all
stations.
















































stations in both, rDNA and rRNA libraries (Fig. 4). A
similar pattern was observed for the rRNA/rDNA
ratios: FYI station 277 had the highest rRNA/rDNA
ratios with signals only for the most abundant
Ciliophora genera Stokesia Wenrich and Pithites
Deroux & Dragesco (Fig. 5. Table S4).
OTU abundances of an Arctic MYI ﬂoe
Analysis of the relative abundance of speciﬁc OTUs
within the MYI community yielded similarities and
differences compared with the FYI communities. As
for the FYI stations, the rRNA library of the MYI
station had a higher Shannon index compared with
their corresponding rDNA library (Table 1) and a
greater proportion of heterotrophs (50%, compared
with 1% in the rDNA library) (Fig. 4). Of all stations,
MYI station 360 showed the highest relative abun-
dance of Stramenopile OTUs in both the rDNA (95%)
and rRNA (97%) library and also the smallest amount
of Alveolata (rDNA 4%, rRNA 1%) and Rhizaria
(1%, each) OTUs of all stations (Fig. 3, Table S1). In
this respect, rRNA and rDNA libraries from the MYI
station appeared to be similar to the FYI stations 237
and 255. On the other hand, at a lower taxonomic
level, the MYI station was different than the FYI
stations: almost half (49%) of the Stramenopile
OTUs in the rRNA library were classiﬁed
as Bicosoecida, which were exclusively found at the
MYI station, and only 38% of the Stramenopile OTUs
were classiﬁed as Bacillariophyceae. The rDNA
library, however, had a relative Bacillariophyceae
OTU abundance of 98% and a relative Bicosoecida
OTU abundance of less than 1% (Fig. 3, Table S2).
This taxonomic difference also has a strong effect
upon the trophic composition. The MYI rRNA library
appears to harbour the highest amount of heterotrophs
and its rDNA library shows the highest representation
of phototrophs (95%) across all libraries (Fig. 4).
Although the abundance of Bacillariophyceae OTUs
in the rRNA library was lower compared with the
other stations, based on PhyloAssigner Bacillaria,
Melosira and CCMP2297 were the most abundant
Bacillariophyceae genera or groups at this station in
the rRNA library (Table S3). Overall, MYI station 360
had the highest observed rRNA/rDNA ratios for
Bacillariophyceae OTUs, with Melosira and
Bacillaria, showing the highest rRNA/rDNA ratios
(Fig. 5).
Similar to the FYI samples, the Alveolata groups
from the MYI station also showed an alternate pattern
between the rDNA and the corresponding rRNA
libraries, although less pronounced than at the FYI
stations (Fig. 3, Table S5). We found a greater relative
abundance of Dinoﬂagellata OTUs in the rDNA library
compared with the rRNA library and a higher amount
of Ciliophora OTUs in the rRNA library compared
with the rDNA library, which can also be seen in the
trophic afﬁliation (Fig. 4). Apart from these similarities,
the rDNA library of MYI station 360 had the highest
relative abundance of the Dinoﬂagellata genera
Gymnodinium Stein and Karlodinium J. Larsen and
the lowest relative abundance of the otherwise abun-
dant ciliate genus Pithites of all stations (Table S4).
Although we also observed other Ciliophora genera,
like Phialina, Strombidium, Monodinium and Pithites
at the MYI station, rRNA/rDNA ratios of Ciliophora
species are similar to FYI stations 237 and 255 and
were lower than at FYI station 277 (Fig. 5).
DISCUSSION
Abiotic properties
The sea ice environment of the four stations exhibited
three different stages of melt which can help to
describe the variability of the sea ice communities.
Fig. 5. Heatmap of the top 30 rRNA/rDNA ratios of single Bacillariophyceae OTUs (left) and Alveolata OTUs (right) from four
different stations. White and yellow colours indicate higher RNA than DNA ratios, orange and red colours indicate low or no rRNA/
rDNA ratios.
















































The stage of melt can be an important factor for
structuring sea ice communities due to ﬂushing of
important nutrients and organic material (Riedel
et al., 2008), increased losses of bottom ice algal
biomass associated with higher melt rates (Pogson
et al., 2011) and increased grazing pressure owing to
increased pore space and access for grazers (see also
reviews by Vancoppenolle et al., 2013 and Arrigo,
2014). The physical state of the bottom ice and the
loss of biomass from the bottom ice are of particular
interest in terms of community composition since this
is where the majority of the biomass is located
(Arrigo, 2014).
FYI station 277 was particularly different from all
other stations because, at the time of sampling, it was
in an advanced stage of melt. This was evident by the
observation that FYI station 277 had the lowest core-
averaged and bottom salinity, brine volume, density,
and porosity values in addition to the warmest core-
averaged and bottom temperature values. Typically,
higher brine volume occurs during melt and at the ice-
bottom; however, due to the advanced state of melt, it
is likely that much of the internal brine was already
ﬂushed from the ice (Vancoppenolle et al., 2013),
which was evident from the high porosity and low
salinity at the bottom ice of this station. The advanced
stage of melt at FYI station 277 was likely due to its
proximity to the ice edge where melt rates are typi-
cally higher for proximity of open water and increased
absorption of solar radiation. Although the ice ﬂoe at
FYI station 237 was considerably thicker than the ice
at FYI station 255, the other physical properties were
very similar. Based on the date of sampling and phy-
sical properties, FYI stations 237 and 255 could also
be classiﬁed as being in a state of melt, but not as
advanced as FYI station 277.
MYI station 360 was sampled latest in the season
during the transition from end of melt to freeze-up,
which was evident from the lowest bottom and surface
ice temperatures. In addition, MYI station 360 was
sampled at the highest latitude, and from a region
dominated by thicker MYI. Due to a thicker surround-
ing sea ice pack and higher latitude, MYI station 360
likely experienced a lower melt rate than the other
sites, which could have limited biomass loss (Pogson
et al., 2011) and increased the potential to retain
bottom-ice communities. The presence of bottom-ice
biomass at the end of the melt season has been
observed in previous studies (e.g. Meiners et al.,
2003) and is also suggested from internal biomass
layers within MYI (e.g. Thomas et al., 1995;
Gradinger, 1999), that likely corresponded to previous
seasons/years bottom ice.
Based on the analyses of the physical sea ice envir-
onment, we have classiﬁed the ice stations into three
different melt stages: FYI stations 237 and 255 corre-
sponded to the early- to mid-melt season; FYI station
277 corresponded to advanced melt; and MYI station
360 corresponded to the end of melt before the start of
freeze-up.
Diversity of sea ice protists
High throughput sequencing of 18S rDNA and 18S
rRNA of eukaryotic sea ice communities collected
from sea ice cores conducted in this study yielded a
detailed view on the sympagic community of the ice
cores. Most sequences were assigned as Stramenopile
OTUs, followed by Alveolata and Rhizaria OTUs in
both rRNA and rDNA libraries. Other super-groups
that were detected in both libraries were also found in
other studies, such as: Chlorophyta (Eddie et al.,
2010; Majaneva et al., 2012; Comeau et al., 2013;
Piwosz et al., 2013), Cryptophyceae (Majaneva et al.,
2012; Comeau et al., 2013; Piwosz et al., 2013),
Haptophyta (Comeau et al., 2013; Piwosz et al.,
2013), Holozoa and Telonema (Bachy et al., 2011;
Mundy et al., 2011; Majaneva et al., 2012). Overall,
there was only a slight difference in the number of
different OTUs on the super-group level found
between rDNA and rRNA libraries. This indicates
that, with regard to larger taxonomic groups like
Stramenopiles or Rhizaria, the observed OTU diver-
sity of both libraries were comparable, which is in
accordance with other studies (Stoeck et al., 2007;
Baldrian et al., 2012; Logares et al., 2014).
However, we found a higher biodiversity index in
the rRNA libraries compared with the rDNA libraries,
which might be due to a different representation of
taxa (e.g. OTUs that were more abundant in the rRNA
library or absent in the rDNA library) at lower taxo-
nomic levels in rRNA and rDNA libraries.
Phototrophic community of Arctic FYI and MYI
Within the Stramenopiles, the Bacillariophycidae (pen-
nate raphid diatoms) were most abundant at each of the
ice ﬂoes, irrespective of the library, which is typical for
sea ice during the summer season (Eddie et al., 2010;
Poulin et al., 2011; Comeau et al., 2013; Kilias et al.,
2013). Although both libraries represent similar com-
munities on a larger taxonomic scale, it is known that
both library types might give different views of the
community on smaller scales (Stoeck et al., 2007;
Majaneva et al., 2012), which is in accordance with
our results. Furthermore, we have not only observed
differences in the communities between the two library
types, but also pronounced differences between sample
locations and ice types. At FYI station 277, Bacillaria
was more abundant in the rDNA library, which can be
an indicator for inactivity or dormancy of this genus
(Jones & Lennon, 2010). In contrast, CCMP2297 and
Melosira OTUs were more abundant within the rRNA
library, which can be an indicator for a potential meta-
bolic activity (Blazewicz et al., 2013). It should be
noted that DNA can be present in active, dormant and
















































dead cells (Hansen et al., 2007) and can also persist as
free or extracellular DNA (Nielsen et al., 2007; Charvet
et al., 2012) and thus will be seen as an indicator of
inactivity as well as of the total biodiversity. On the
other hand, the presence of rRNA does not necessarily
indicate current activity, but more likely the potential
protein synthesis due to a higher amount of ribosomes
of speciﬁc taxa (Blazewicz et al., 2013). Thus, when-
ever a conclusion is made regarding ‘activity’, this
indicates the potential for a cell to be active and not
the actual in situ activity. Furthermore, it remains difﬁ-
cult to directly compare rRNA versus rDNA libraries
due to, for example, varying rDNA copy numbers
within protist taxa (Prokopowich et al., 2003) and
variable cell sizes (Zhu et al., 2005; Godhe et al.,
2008). Thus, the results of the sequencing should be
interpreted in the light of these restrictions. However,
due to the fact that the naviculoid pennate diatom
CCMP2297 (Potvin & Lovejoy, 2009) showed high
relative abundances in both libraries, we cannot infer
activity based on the rRNA/rDNA ratios. In general,
CCMP2297 was a very abundant group, especially at
the highly porous and advanced melt FYI station 277.
This suggests that this taxon might contribute signiﬁ-
cantly to the community composition, particularly at
the end of the summer season during advanced melt
and high porosity of the ice ﬂoe. Based on the rRNA/
rDNA ratios, the diatom Melosira appeared to be the
only highly active genus at the FYI station 277, which
might also be related to the high porosity of the ice ﬂoe
and therefore accompanied higher grazing impact on
other diatom species, due to higher prey accessibility
(Vancoppenolle et al., 2013; Arrigo, 2014). It has been
shown that Melosira arctica, which grows loosely
attached to the sub-ice environment (Syvertsen, 1991;
Gutt, 1995; Ambrose et al., 2005), escapes grazing by
an unknown mechanism in its sub-ice habitat with no
grazers present in its surrounding environment (Gutt,
1995; Fernández-Méndez et al., 2014).
With regard to phototrophs, the MYI station 360
did not differ much from the FYI stations based on the
rDNA library. Even though this site is located in the
vicinity of the North Pole and was thicker and colder
than the other FYI samples, its biodiversity or photo-
trophic genus composition was comparable to the FYI
ﬂoes. Until now, detailed information about the spe-
cies composition of sea ice protists fromMYI from the
central Arctic Ocean is limited (Werner et al., 2007;
Bachy et al., 2011). When it comes to potential meta-
bolic activity (rRNA/rDNA ratio), the MYI station
showed especially high relative abundances and
potential metabolic activity of Bacillaria and
Melosira. In general, Melosira showed a notable pat-
tern: we exclusively found Melosira OTUs in the
rRNA but none in the rDNA libraries, irrespective of
the station and ice type. This might be due to a com-
bination of the following factors: (1) DNA concentra-
tions below detection levels (Deangelis & Firestone,
2012), (2) high activity of species with low relative
abundances (Baldrian et al., 2012; Angel et al., 2013),
(3) fewer gene copy numbers in rDNA libraries and an
accompanied underestimation in rDNA libraries due
to ‘dilution’ of the species by high copy number taxa
(Not et al., 2009; Koid et al., 2012), or (4) methodo-
logical biases (Angel et al., 2013) such as the nucleic
acid extraction (Kermarrec et al., 2013). Melosira
accounts for a high amount of sub-ice biomass
(Syvertsen, 1991; Gutt, 1995; Boetius et al., 2013;
Fernández-Méndez et al., 2014) and net primary pro-
duction (Fernández-Méndez et al., 2014), although its
occurrence can be very patchy (Gosselin et al., 1997).
As we were investigating ice cores and not the sub-ice
habitat, Melosira was not the most abundant diatom
genus, but it was the most abundant centric diatom,
which is in agreement with other studies conducted in
the Arctic (Eddie et al., 2010; Comeau et al., 2013).
This result together with the lowest relative abundance
of phototrophs in the rRNA library of the MYI station
360 and the accompanied highest potential metabolic
activity of Melosira at this station, point out that low
abundance taxa can be highly active and thus impor-
tant (Baldrian et al., 2012). A similar activity pattern
was observed for the genus Bacillaria, which has
rarely been reported from sea ice samples in non-
molecular studies (Majaneva et al., 2012; Comeau
et al., 2013). Bacillaria is the most abundant diatom
genus in our dataset, occurring in every sample and
station. Majaneva et al. (2012), also identiﬁed a
Bacillaria sequence (FN690573) in environmental
samples from the Baltic Sea during winter (Pniewski
et al., 2010) and Comeau et al. (2013) also observed
high abundances of a similar sequence in their sea ice
18S rDNA dataset. Bacillaria normally forms colo-
nies in its typically pelagic habitat, but also occurs
individually in sea ice. Therefore, our observations
provide further evidence that this taxon is an impor-
tant, previously overlooked member of sea ice com-
munities, especially due to its high activity. Based on
the present results, genera like Bacillaria and
Melosira may become more endangered by the
on-going loss of Arctic MYI (Maslanik et al., 2011;
Stroeve et al., 2011; IPCC, 2013).
Hetero- and mixotrophic communities of Arctic FYI
and MYI
Molecular studies have shown that heterotrophic spe-
cies are common in sea ice assemblages (Bachy et al.,
2011;Majaneva et al., 2012; Comeau et al., 2013).We
found a higher relative abundance of Ciliophora spe-
cies (ciliates) and heterotrophic OTUs in every rRNA
versus rDNA library, irrespective of the location,
which suggests higher potential metabolic activity of
ciliates and high potential grazing pressure on photo-
trophic organism. Majaneva et al. (2012), who inves-
tigated the sympagic community of the Baltic Sea
















































during winter based on rRNA, found that ciliates were
more abundant and active parts of the sympagic com-
munity than previously thought. In all rDNA libraries,
irrespective of their origin, we found higher relative
amounts of Dinoﬂagellata (dinoﬂagellates) and
mixotrophs than in rRNA libraries, with high relative
abundances of Gymnodinium, Karlodinium and
Gyrodinium, known to be common in sea ice
(Comeau et al., 2013; Kilias et al., 2013). Again,
this might indicate either a lower degree of metabolic
activity or a high degree of dormancy of these taxa
(Jones & Lennon, 2010). During immediate micro-
scopic investigations, we found many dinoﬂagellate
cysts (data not shown), which are known to be present
in Arctic waters (Harland et al., 1980; Mudie &
Rochon, 2001; Potvin et al., 2013) at unfavourable
conditions. Other studies also found a very high
amount of Alveolata (alveolates) in their DNA
libraries (Massana & Pedros-Alio, 2008; Not et al.,
2009), although they were not investigating the rRNA
library. Ciliates and dinoﬂagellates are known to pos-
sess high 18S gene copy numbers in their genomes,
leading to an overestimation of these taxa and an
underestimation of metabolically active and smaller
taxa with a lower rDNA gene copy number in DNA-
based libraries (Not et al., 2009; Baldrian et al., 2012;
Gong et al., 2013; Kim et al., 2013). Furthermore, it is
known that 18S rDNA libraries cannot only be biased
by high gene copy numbers of certain taxa
(Prokopowich et al., 2003; Godhe et al., 2008; Gong
et al., 2013), but also by cell sizes and biovolumes of
marine protists (Zhu et al., 2005; Godhe et al., 2008),
free and extracellular DNA in the environment
(Nielsen et al., 2007), slow decay rates of nucleic
acids in cold environments (Willerslev et al., 2004),
and dormant or dead cells (Hansen et al., 2007). All
these factors have implications on the interpretation of
diversity studies, because speciﬁc taxa might contri-
bute to the structure of the community but not to its
function (Hansen et al., 2007). Taken together, this
emphasizes the need for a combined approach when
investigating sympagic communities via both rDNA
and rRNA studies.
FYI station 277 and MYI station 360 showed
different hetero- and mixotrophic communities com-
pared with the other stations. Ciliate genera like
Pithites, and Stokesia were most active at FYI sta-
tion 277. Due to the advanced stage of melt at FYI
station 277 with its highly porous bottom ice, gra-
zers would have had easier access into the ice and
their prey. This can also be seen in our dataset by the
highly abundant Rhizaria genus Cryothecomonas. It
appears that Cryothecomonas species may act as
important indicators for sea ice-melt in the Arctic
(Thaler & Lovejoy, 2012). Furthermore, this genus,
which was previously found in sea ice communities
in several molecular studies (Lovejoy et al., 2006;
Bachy et al., 2011; Majaneva et al., 2012; Thaler &
Lovejoy, 2012; Comeau et al., 2013), is indicative
for advantageous grazing situations and/or good
access to prey (e.g. diatoms) (Thomsen et al.,
1991; Thaler & Lovejoy, 2012; Comeau et al.,
2013). Majaneva et al. (2012) showed that Cerozoa
species were most abundant in their 18S rRNA
library, thus appear to be active grazers within the
sea ice. Although the highest relative abundance of
Cryothecomonas was found in the rDNA library,
some Cryothecomonas OTUs had higher relative
abundances in the rRNA library, indicating a certain
degree of activity. Together with the high activity of
ciliates at FYI station 277, heterotrophs are likely to
have reduced the phototrophic community, in this
case diatom members, by grazing. This is indicative
of a post-bloom situation (Poulsen & Reuss, 2002;
Kilias et al., 2014) whereby a phototrophs-domi-
nated sea ice community shifts towards a winter
community dominated by hetero- and mixotrophs
(Bachy et al., 2011; Majaneva et al., 2012). The
only diatom genus that was active within FYI station
277 was Melosira that grows in a sub-ice habitat
(Syvertsen, 1991). The presence of Melosira during
advanced melt aligns well with previous ﬁndings
that these algae by so far unknown means can pre-
vent from grazing (Gutt, 1995).
The rRNA library of the MYI station had the high-
est proportion of heterotrophic protists of all stations
with almost 50% of sequences assigned as
Bicosoecida in the MYI rRNA library. Bicosoecida
species are known to be halophilic, certain genera
have been observed to grow within salinities between
60 to 150‰ (Park & Simpson, 2010). These two
genera were the most abundant Bicosoecida genera
in our dataset. Although the upper, older portions of
MYI generally consist of fresher water, typically hav-
ing a lower bulk salinity than FYI, MYI might include
speciﬁc areas where the brine solution is highly con-
centrated due to potentially colder temperatures
(Eicken et al., 1995; Petrich & Eicken, 2010). The
high relative abundance of Bicosoecida OTUs could
be explained by the presence of high salinity patches
within the MYI. This might also cause the high activ-
ity of Bicosoecida at this station: if the salinity is more
favourable, the species might thrive better within the
ice. This demonstrates that Bicosoecida might also be
important active grazers within sea ice, in particular
when temperatures are below freezing, in comparison
to ciliates, which were mostly found at FYI station
277 with high porosity and advanced melt. Park &
Simpson (2010) found that Bicosoecida species are
able to form cysts, although we did not ﬁnd
Bicosoecida in our rDNA libraries (FYI and MYI).
This indicates that this group might have been over-
looked in the past and could possibly play an impor-
tant role in the active microbial loop within sea ice.
Furthermore, in cases where certain genera, such as
Bicosoecida, are found mostly in MYI, they are
















































especially endangered by the loss of MYI and a shift
towards a younger (Maslanik et al., 2011) and thinner
(Kwok & Rothrock, 2009) Arctic sea ice. Predicting
the future state of the sea ice system remains a difﬁcult
task, which cannot fully be tackled with analyses of a
limited number of ice cores, therefore more MYI
samples over different seasons and from different
regions are needed to better address the question
how a rapidly changing sea ice cover may impact
future trends in biodiversity.
Conclusion
We have shown that the taxonomic composition and
trophic afﬁliation of sea ice protist assemblages varied
both between and within ice types (FYI vs. MYI)
especially at lower taxonomic levels. Comparing 18S
rDNA and 18S rRNA libraries may reveal activity
patterns of speciﬁc groups, but also identify species
that have been overlooked and underestimated in the
past. Our rDNA libraries from different ice types (FYI
vs. MYI) showed that groups such as dinoﬂagellates
and Rhizaria were the most important heterotrophic or
mixotrophic grazers in the sea ice. However, their lower
representation in our rRNA libraries indicates that most
of the dinoﬂagellates and Rhizaria genera were prob-
ably less active, a conclusion that is in line with our
microscopic observations of dinoﬂagellates, which we
mainly observed in our samples in the form of cysts. On
the other hand, ciliates and some other inhabitants such
as Melosira and Bicosoecida species were underesti-
mated when investigating only the rDNA. A higher
potential metabolic activity of grazers at the FYI station
277 might be due to the advanced melt state of the ice
matrix accompanied by a higher porosity and thus an
easier accessibility to prey. Additionally, the higher
representation of ciliates in the rRNA library indicates
that they are more important members of the sympagic
community than previously thought. Thus, we strongly
recommend that future studies include both approaches
to characterize sympagic communities, especially in the
light of a changing Arctic Ocean.
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Supplementary Table S1. Super-groups and their rela-
tive OTUs abundance (%) and relative number of differ-
ent OTUs (%) found in rDNA and rRNA samples of each
station based on the QIIME pipeline. Total relative
amounts of OTU abundance and number refer to all
OTUs found.
Supplementary Table S2. Stramenopile groups and
their relative OTUs abundance (%) and relative number
of different OTUs (%) found in rDNA and rRNA sam-
ples of each stations based on the QIIME pipeline. Total
relative amounts of OTU abundance and number refer to
Stramenopile OTUs found.
Supplementary Table S3. Assigned Bacillariophyceae
OTUs. (a) Subclasses (bold) and genera in total number
of OTUs and relative percentage of Bacillariophyceae
(358) and total OTUs (714) based on PhyloAssigner. (b)
Percental Bacillariophyceae OTU abundances of sub-
classes (bold) and genera for each of the four stations
and sample type (rDNA and rRNA) based on QIIME.
Supplementary Table S4. Assigned Alveolata OTUs.
(a) Orders (bold) and genera in total number of OTUs
and relative percentage of Alveolata (122) and total
OTUs (714) based on PhyloAssigner. (b) Percental
Alveolata OTU abundances of orders (bold) and genera
for each of the four stations and sample type (rDNA and
rRNA) based on QIIME.
Supplementary Table S5. Alveolate groups and their
relative OTUs abundance (%) and relative number of
different OTUs (%) found in rDNA and rRNA samples
of each stations based on the QIIME pipeline. Total
relative amounts of OTU abundance and number refer
to Alveolata OTUs found.
Supplementary Fig. S1. Rarefaction curves of 454
sequencing reads after quality clipping as number
OTUs as a function of number of reads.
AUTHOR CONTRIBUTIONS
A. Stecher: sampling, RNA/DNA isolation and sequencing,
data analysis and interpretation, drafting, writing and editing
manuscript; S. Neuhaus: bioinformatic data analysis, writing
and editing manuscript; B. Lange: sampling, abiotic data ana-
lysis, writing and editing manuscript; S. Frickenhaus: bioinfor-
matics data analysis, editing manuscript; B. Beszteri:
bioinformatic data analysis, data interpretation, drafting and
















































editingmanuscript; P.G. Kroth: original concept, editingmanu-
script; K. Valentin: original concept, data interpretation, edit-
ing manuscript.
REFERENCES
Acinas, S.G., Sarma-Rupavtarm, R., Klepac-Ceraj, V. & Polz, M.F.
(2005). PCR-induced sequence artifacts and bias: insights from
comparison of two 16S rRNA clone libraries constructed from the
same sample. Applied and Environmental Microbiology, 71:
8966–8969.
Ambrose, W.G., von Quillfeldt, C., Clough, L.M., Tilney, P.V.R. &
Tucker, T. (2005). The sub-ice algal community in the Chukchi
sea: large- and small-scale patterns of abundance based on images
from a remotely operated vehicle. Polar Biology, 28: 784–795.
Angel, R., Pasternak, Z., Soares, M.I.M., Conrad, R. & Gillor, O.
(2013). Active and total prokaryotic communities in dryland soils.
Fems Microbiology Ecology, 86: 130–138.
Arrigo, K.R. (2014). Sea ice ecosystems. Annual Review of Marine
Science, 6: 439–467.
Arrigo, K.R., Mock, T. & Lizotte, M.P. (2010). Primary producers
and sea ice. In Sea Ice (Thomas, D.N. & Dieckmann, G., editors),
283–325. Blackwell Publishing, Oxford.
Babko, O., Rothrock, D.A. & Maykut, G.A. (2002). Role of rafting
in the mechanical redistribution of sea ice thickness. Journal of
Geophysical Research – Oceans, 107 (C8). doi: 10.1029/
1999JC000190.
Bachy, C., López-García, P., Vereshchaka, A. & Moreira, D. (2011).
Diversity and vertical distribution of microbial eukaryotes in the
snow, sea ice and seawater near the North Pole at the end of the
polar night. Frontiers in Microbiology, 2: 106.
Baldrian, P., Kolarik, M., Stursova, M., Kopecky, J., Valaskova, V.,
Vetrovsky, T., Zifcakova, L., Snajdr, J., Ridl, J., Vlcek, C. &
Voriskova, J. (2012). Active and total microbial communities in
forest soil are largely different and highly stratiﬁed during decom-
position. ISME Journal, 6: 248–258.
Bik, H.M., Porazinska, D.L., Creer, S., Caporaso, J.G., Knight, R. &
Thomas,W.K. (2012). Sequencing our way towards understanding
global eukaryotic biodiversity. Trends in Ecology and Evolution,
27: 233–243.
Blazewicz, S.J., Barnard, R.L., Daly, R.A. & Firestone, M.K.
(2013). Evaluating rRNA as an indicator of microbial activity in
environmental communities: limitations and uses. ISME Journal,
7: 2061–2068.
Boetius, A., Albrecht, S., Bakker, K., Bienhold, C., Felden, J.,
Fernandez-Mendez, M., Hendricks, S., Katlein, C., Lalande, C.,
Krumpen, T., Nicolaus, M., Peeken, I., Rabe, B., Rogacheva, A.,
Rybakova, E., Somavilla, R., Wenzhofer, F. & RV Polarstern
ARK27-3-Shipboard Science Party (2013). Export of algal bio-
mass from the melting Arctic sea ice. Science, 339: 1430–1432.
Booth, B.C. &Horner, R.A. (1997). Microalgae on the Arctic Ocean
section, 1994: species abundance and biomass. Deep-Sea
Research Part II, 44: 1607–1622.
Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K.,
Bushman, F.D., Costello, E.K., Fierer, N., Pena, A.G., Goodrich,
J.K., Gordon, J.I., Huttley, G.A., Kelley, S.T., Knights, D., Koenig,
J.E., Ley, R.E., Lozupone, C.A., McDonald, D., Muegge, B.D.,
Pirrung, M., Reeder, J., Sevinsky, J.R., Tumbaugh, P.J., Walters,
W.A., Widmann, J., Yatsunenko, T., Zaneveld, J. & Knight, R.
(2010). QIIME allows analysis of high-throughput community
sequencing data. Nature Methods, 7: 335–336.
Charvet, S., Vincent, W.F., Comeau, A. & Lovejoy, C. (2012).
Pyrosequencing analysis of the protist communities in a high
Arctic meromictic lake: DNA preservation and change. Frontiers
in Microbiology, 3: 422.
Comeau, A.M., Philippe, B., Thaler, M., Gosselin, M., Poulin, M. &
Lovejoy, C. (2013). Protists in Arctic drift and land-fast sea ice.
Journal of Phycology, 49: 229–240.
Cox, G.F.N. & Weeks, W.F. (1983). Equations for determining the
gas and the brine volumes in sea-ice samples Journal of
Glaciology, 29: 306–316.
Deangelis, K.M. & Firestone, M.K. (2012). Phylogenetic clus-
tering of soil microbial communities by 16S rRNA but not
16S rRNA genes. Applied and Environmental Microbiology,
78: 2459–2461.
Eddie, B., Juhl, A., Krembs, C., Baysinger, C. & Neuer, S. (2010).
Effect of environmental variables on eukaryotic microbial com-
munity structure of land-fast Arctic sea ice. Environmental
Microbiology, 12: 797–809.
Edgar, R.C. (2010). Search and clustering orders of magnitude faster
than BLAST. Bioinformatics, 26: 2460–2461.
Edgar, R.C., Haas, B.J., Clemente, J.C., Quince, C. & Knight, R.
(2011). UCHIME improves sensitivity and speed of chimera
detection. Bioinformatics, 27: 2194–2200.
Edgcomb, V.P., Kysela, D.T., Teske, A., Gomez, A.D. & Sogin, M.
L. (2002). Benthic eukaryotic diversity in the Guaymas Basin
hydrothermal vent environment. Proceedings of the National
Academy of Sciences USA, 99: 7658–7662.
Eicken, H. (1992). The role of sea ice in structuring Antarctic
ecosystems. Polar Biology, 12: 3–13.
Eicken, H., Lensu, M., Leppäranta, M., Tucker, W.B., Gow, A.J. &
Salmela, O. (1995). Thickness, structure, and properties of level
summer multiyear ice in the Eurasian sector of the Arctic Ocean,
100: 22697–22710.
Elwood, H.J., Olsen, G.J. & Sogin, M.L. (1985). The small-subunit
ribosomal RNA gene sequences from the hypotrichous ciliates
Oxytricha nova and Stylonychia pustulata. Molecular Biology
and Evolution, 2: 399–410.
Fernández-Méndez, M., Wenzhofer, F., Peeken, I., Sorensen, H.L.,
Glud, R.N. & Boetius, A. (2014). Composition, buoyancy regula-
tion and fate of ice algal aggregates in the central Arctic Ocean.
PLoS ONE, 9: e107452.
Garrison, D.L., Ackley, S.F. & Buck, K.R. (1983). A physical
mechanism for establishing algal populations in frazil ice Nature,
306: 363–365.
Gaspar, J.M. & Thomas, W.K. (2013). Assessing the consequences
of denoising marker-based metagenomic data. PLoS ONE, 8:
e60458.
Godhe, A., Asplund, M.E., Harnstrom, K., Saravanan, V., Tyagi,
A. & Karunasagar, I. (2008). Quantiﬁcation of diatom and
dinoﬂagellate biomasses in coastal marine seawater samples
by real-time PCR. Applied and Environmental Microbiology,
74: 7174–7182.
Gong, J., Dong, J., Liu, X.H. &Massana, R. (2013). Extremely high
copy numbers and polymorphisms of the rDNA operon estimated
from single cell analysis of oligotrich and peritrich ciliates. Protist,
164: 369–379.
Gosselin, M., Levasseur, M., Wheeler, P.A., Horner, R.A. & Booth,
B.C. (1997). New measurements of phytoplankton and ice algal
production in the Arctic Ocean. Deep-Sea Research Part II, 44:
1623–1644.
Gradinger, R. (1999). Vertical ﬁne structure of the biomass and
composition of algal communities in Arctic pack ice. Marine
Biology, 133: 745–754.
Granskog, M., Kaartokallio, H., Kuosa, H., Thomas, D., Ehn, J. &
Sonninen, E. (2005). Scales of horizontal patchiness in chlorophyll
a, chemical and physical properties of landfast sea ice in the Gulf of
Finland (Baltic Sea). Polar Biology, 28: 276–283.
Gutt, J. (1995). The occurence of sub-ice algal aggregations off
northeast Greenland. Polar Biology, 15: 247–252.
Hansen, A.A., Herbert, R.A., Mikkelsen, K., Jensen, L.L.,
Kristoffersen, T., Tiedje, J.M., Lomstein, B.A. & Finster, K.W.
(2007). Viability, diversity and composition of the bacterial com-
munity in a high Arctic permafrost soil from Spitsbergen, Northern
Norway. Environmental Microbiology, 9: 2870–2884.
Harland, R., Reid, P.C., Dobell, P. & Norris, G. (1980). Recent and
sub-recent dinoﬂagellate cysts from the Beaufort Sea, Canadian
Arctic. Grana, 19: 211–225.
Hatam, I., Charchuk, R., Lange, B., Beckers, J., Haas, C. & Lanoil, B.
(2014). Distinct bacterial assemblages reside at different depths in
Arctic multiyear sea ice. FEMS Microbiology Ecology, 90: 115–125.
IPCC (2013). Climate Change 2013: The Physical Science Basis .
Contribution of Working Group I to the Fifth Assessment Report of
















































the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge.
Jones, S.E. & Lennon, J.T. (2010). Dormancy contributes to the
maintenance of microbial diversity. Proceedings of the National
Academy of Sciences USA, 107: 5881–5886.
Kermarrec, L., Franc, A., Rimet, F., Chaumeil, P., Humbert, J.F. &
Bouchez, A. (2013). Next-generation sequencing to inventory
taxonomic diversity in eukaryotic communities: a test for fresh-
water diatoms. Molecular Ecology Resources, 13: 607–619.
Kilias, E., Wolf, C., Nothig, E.M., Peeken, I. & Metﬁes, K. (2013).
Protist distribution in western Fram Strait in summer 2010 based
on 454-pyrosequencing of 18S rDNA. Journal of Phycology, 49:
996–1010.
Kilias, E., Kattner, G., Wolf, C., Frickenhaus, S. & Metﬁes, K.
(2014). A molecular survey of protist diversity through the central
Arctic Ocean. Polar Biology, 37: 1271–1287.
Kim, T.G., Moon, K.E., Yun, J. & Cho, K.S. (2013). Comparison of
RNA- and DNA-based bacterial communities in a lab-scale
methane-degrading biocover. Applied Microbiology and
Biotechnology, 97: 3171–3181.
Koid, A., Nelson, W.C., Mraz, A. & Heidelberg, K.B. (2012).
Comparative analysis of eukaryotic marine microbial assemblages
from 18S rRNA gene and gene transcript clone libraries by using
different methods of extraction. Applied and Environmental
Microbiology, 78: 3958–3965.
Kwok, R. & Rothrock, D.A. (2009). Decline in Arctic sea ice
thickness from submarine and ICESat records: 1958–2008.
Geophysical Research Letters, 36: L15501.
Legendre, L., Ackley, S.F., Dieckmann, G.S., Gulliksen, B., Horner,
R., Hoshiai, T., Melnikov, I.A., Reeburgh, W.S., Spindler, M. &
Sullivan, C.W. (1992). Ecology of sea ice biota. 2. Global signiﬁ-
cance. Polar Biology, 12: 429–444.
Logares, R., Audic, S., Bass, D., Bittner, L., Boutte, C., Christen, R.,
Claverie, J.-M., Decelle, J., Dolan, J.R., Dunthorn, M., Edvardsen,
B., Gobet, A., Kooistra, W.H.C.F., Mahe, F., Not, F., Ogata, H.,
Pawlowski, J., Pernice, M.C., Romac, S., Shalchian-Tabrizi, K.,
Simon, N., Stoeck, T., Santini, S., Siano, R., Wincker, P., Zingone,
A., Richards, T.A., De Vargas, C. & Massana, R. (2014). Patterns
of rare and abundant marine microbial eukaryotes. Current
Biology, 24: 813–821.
Lovejoy, C., Massana, R. & Pedros-Alio, C. (2006). Diversity and
distribution of marine microbial eukaryotes in the Arctic Ocean
and adjacent seas. Applied and Environmental Microbiology, 72:
3085–3095.
Ludwig, W., Strunk, O., Westram, R., Richter, L., Meier, H.,
Yadhukumar, Buchner, A., Lai, T., Steppi, S., Jobb, G., Forster,
W., Brettske, I., Gerber, S., Ginhart, A.W., Gross, O., Grumann, S.,
Hermann, S., Jost, R., Konig, A., Liss, T., Lussmann, R., May, M.,
Nonhoff, B., Reichel, B., Strehlow, R., Stamatakis, A.,
Stuckmann, N., Vilbig, A., Lenke, M., Ludwig, T., Bode, A. &
Schleifer, K.H. (2004). ARB: a software environment for sequence
data. Nucleic Acids Research, 32: 1363–1371.
Majaneva, M., Rintala, J.M., Piisila, M., Fewer, D.P. & Blomster, J.
(2012). Comparison of wintertime eukaryotic community from sea
ice and open water in the Baltic Sea, based on sequencing of the
18S rRNA gene. Polar Biology, 35: 875–889.
Maslanik, J., Stroeve, J., Fowler, C. & Emery, W. (2011).
Distribution and trends in Arctic sea ice age through spring 2011.
Geophysical Research Letters, 38: L13502.
Massana, R. & Pedros-Alio, C. (2008). Unveiling new microbial
eukaryotes in the surface ocean. Current Opinion in Microbiology,
11: 213–218.
Matsen, F.A., Kodner, R.B. & Armbrust, E.V. (2010). pplacer: linear
time maximum-likelihood and Bayesian phylogenetic placement of
sequences onto a ﬁxed reference tree. BMC Bioinformatics, 11: 538.
Medlin, L., Elwood, H.J., Stickel, S. & Sogin, M.L. (1988). The
characterization of enzymatically ampliﬁed eukaryotic 16S-like
rRNA-coding regions Gene, 71: 491–499.
Meiners, K., Gradinger, R., Fehling, J., Civitarese, G. & Spindler,M.
(2003). Vertical distribution of exopolymer particles in sea ice of
the Fram Strait (Arctic) during autumn. Marine Ecology Progress
Series, 248: 1–13.
Melnikov, I.A., Kolosova, E.G., Welch, H.E. & Zhitina, L.S. (2002).
Sea ice biological communities and nutrient dynamics in the
Canada Basin of the Arctic Ocean. Deep-Sea Research Part I –
Oceanographic Research Papers, 49: 1623–1649.
Mudie, P.J. & Rochon, A. (2001). Distribution of dinoﬂagellate cysts
in the Canadian Arctic marine region. Journal of Quaternary
Science, 16: 603–620.
Mundy, C.J., Gosselin, M., Ehn, J.K., Belzile, C., Poulin, M., Alou,
E., Roy, S., Hop, H., Lessard, S., Papakyriakou, T.N., Barber, D.G.
& Stewart, J. (2011). Characteristics of two distinct high-light
acclimated algal communities during advanced stages of sea ice
melt. Polar Biology, 34: 1869–1886.
Nielsen, K.M., Johnsen, P.J., Bensasson, D. & Daffonchio, D.
(2007). Release and persistence of extracellular DNA in the envir-
onment. Environmental Biosafety Research, 6: 37–53.
Niemi, A., Michel, C., Hille, K. & Poulin, M. (2011). Protist assem-
blages in winter sea ice: setting the stage for the spring ice algal
bloom. Polar Biology, 34: 1803–1817.
Not, F., Del Campo, J., Balague, V., De Vargas, C. & Massana, R.
(2009). New insights into the diversity of marine picoeukaryotes.
PLoS ONE, 4: e7143.
Park, J.S. & Simpson, A.G.B. (2010). Characterization of halotoler-
ant Bicosoecida and Placididea (Stramenopila) that are distinct
from marine forms, and the phylogenetic pattern of salinity
preference in heterotrophic stramenopiles. Environmental
Microbiology, 12: 1173–1184.
Perovich, D.K. (1990). Theoretical estimates of light-reﬂection and
transmission by spatially complex and temporally varying sea ice
covers. Journal of Geophysical Research –Oceans, 95: 9557–9567.
Perovich, D.K. (2011). The changing Arctic sea ice cover.
Oceanography, 24: 162–173.
Petrich, C. & Eicken, H. (2010).Growth, structure and properties of
sea ice. In Sea Ice (Thomas, D.N. & Dieckmann, G., editors), 23–
77. Blackwell Publishing, Oxford.
Piwosz, K., Wiktor, J.M., Niemi, A., Tatarek, A. & Michel, C.
(2013). Mesoscale distribution and functional diversity of picoeu-
karyotes in the ﬁrst-year sea ice of the Canadian Arctic. ISME
Journal, 7: 1461–1471.
Pniewski, F.F., Friedl, T. & Latala, A. (2010). Identiﬁcation of
diatom isolates from the Gulf of Gdansk: testing of species
identiﬁcations using morphology, 18S rDNA sequencing and
DNA barcodes of strains from the Culture Collection of Baltic
Algae (CCBA). Oceanological and Hydrobiological Studies,
39: 3–20.
Pogson, L., Tremblay, B., Lavoie, D., Michel, C. & Vancoppenolle,
M. (2011). Development and validation of a one-dimensional
snow-ice algae model against observations in Resolute Passage,
Canadian Arctic Archipelago. Journal of Geophysical Research –
Oceans, 116: C04010.
Potvin, M. & Lovejoy, C. (2009). PCR-based diversity estimates of
artiﬁcial and environmental 18S rRNA gene libraries. Journal of
Eukaryotic Microbiology, 56: 174–181.
Potvin, E., Rochon, A. & Lovejoy, C. (2013). Cyst-theca relation-
ship of the Arctic dinoﬂagellate cyst Islandinium minutum
(Dinophyceae) and phylogenetic position based on SSU rDNA
and LSU rDNA. Journal of Phycology, 49: 848–866.
Poulin, M., Daugbjerg, N., Gradinger, R., Ilyash, L., Ratkova, T. &
von Quillfeldt, C. (2011). The pan-Arctic biodiversity of marine
pelagic and sea-ice unicellular eukaryotes: a ﬁrst-attempt assess-
ment. Marine Biodiversity, 41: 13–28.
Poulsen, L.K. & Reuss, N. (2002). The plankton community on
Sukkertop and Fylla Banks off West Greenland during a spring
bloom and post-bloom period: hydrography, phytoplankton and
protozooplankton. Ophelia, 56: 69–85.
Prokopowich, C.D., Gregory, T.R. & Crease, T.J. (2003). The corre-
lation between rDNA copy number and genome size in eukaryotes.
Genome, 46: 48–50.
Pruesse, E., Quast, C., Knittel, K., Fuchs, B.M., Ludwig, W.,
Peplies, J. & Gloeckner, F.O. (2007). SILVA: a comprehensive
online resource for quality checked and aligned ribosomal RNA
sequence data compatible with ARB. Nucleic Acids Research, 35:
7188–7196.
















































Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P.,
Peplies, J. & Gloeckner, F.O. (2013). The SILVA ribosomal RNA
gene database project: improved data processing and web-based
tools. Nucleic Acids Research, 41: D590–D596.
Riedel, A., Michel, C., Gosselin, M. & Leblanc, B. (2008). Winter-
spring dynamics in sea-ice carbon cycling in the coastal Arctic
Ocean. Journal of Marine Systems, 74: 918–932.
Rysgaard, S., Kuhl, M., Glud, R.N. & Hansen, J.W. (2001).
Biomass, production and horizontal patchiness of sea ice algae in
a high-Arctic fjord (Young Sound, NE Greenland). Marine
Ecology Progress Series, 223: 15–26.
Spreen, G., Kaleschke, L. & Heygster, G. (2008). Sea ice remote
sensing using AMSR-E 89-GHz channels. Journal of Geophysical
Research – Oceans, 113: C02S03.
Stoeck, T., Zuendorf, A., Breiner, H.W. & Behnke, A. (2007). A
molecular approach to identify active microbes in environmental
eukaryote clone libraries. Microbial Ecology, 53: 328–339.
Stroeve, J.C., Serreze, M.C., Holland, M.M., Kay, J.E., Malanik, J.
& Barrett, A.P. (2011). The Arctic’s rapidly shrinking sea ice
cover: a research synthesis. Climatic Change, 110: 1005–1027.
Syvertsen, E.E. (1991). Ice algae in the Barents Sea – types of
assemblages, origin, fate and role in the ice-edge phytoplankton
bloom. Polar Research, 10: 277–287.
Thaler, M. & Lovejoy, C. (2012). Distribution and diversity of a
protist predator Cryothecomonas (Cercozoa) in Arctic marine
waters. Journal of Eukaryotic Microbiology, 59: 291–299.
Thomas, D.N., Lara, R.J., Eicken, H., Kattner, G. & Skoog, A.
(1995). Dissolved organic matter in Arctic multi-year sea ice
during winter: major components and relationship to ice charater-
istics Polar Biology, 15: 477–483.
Thomsen, H.A., Buck, K.R., Bolt, P.A. & Garrison, D.L. (1991).
Fine-structure and biology of Cryothecomonas gen. nov. (Protista
incertae sedis) from the ice biota. Canadian Journal of Zoology –
Revue Canadienne De Zoologie, 69: 1048–1070.
Vancoppenolle, M., Meiners, K.M., Michel, C., Bopp, L., Brabant,
F., Carnat, G., Delille, B., Lannuzel, D., Madec, G., Moreau, S.,
Tison, J.L. & Van Der Merwe, P. (2013). Role of sea ice in global
biogeochemical cycles: emerging views and challenges.
Quaternary Science Reviews, 79: 207–230.
Vergin, K.L., Beszteri, B., Monier, A., Thrash, J.C., Temperton, B.,
Treusch, A.H., Kilpert, F., Worden, A.Z. & Giovannoni, S.J.
(2013). High-resolution SAR11 ecotype dynamics at the
Bermuda Atlantic time-series study site by phylogenetic place-
ment of pyrosequences. ISME Journal, 7: 1322–1332.
Wang, Q., Garrity, G.M., Tiedje, J.M. & Cole, J.R. (2007). Naive
Bayesian classiﬁer for rapid assignment of rRNA sequences into
the new bacterial taxonomy. Applied and Environmental
Microbiology, 73: 5261–5267.
Wassmann, P. & Reigstad, M. (2011). Future Arctic Ocean seasonal
ice zones and implications for pelagic-benthic coupling.
Oceanography, 24: 220–231.
Werner, I., Ikavalko, J. & Schunemann, H. (2007). Sea-ice algae in
Arctic pack ice during late winter. Polar Biology, 30: 1493–1504.
Willerslev, E., Hansen, A.J. & Poinar, H.N. (2004). Isolation of
nucleic acids and cultures from fossil ice and permafrost. Trends
in Ecology and Evolution, 19: 141–147.
Wolf, C., Kilias, E.S. & Metﬁes, K. (2014). Evaluating the potential
of 18S rDNA clone libraries to complement pyrosequencing data
of marine protists with near full-length sequence information.
Marine Biology Research, 10: 771–780.
Yen, Y.-C., Cheng, K. & Fukusako, S. (1991). A review of intrinsic
thermophysical properties of snow, ice, sea ice, and frost. The
Northern Engineer, 24: 53–74.
Yilmaz, P., Parfrey, L.W., Yarza, P., Gerken, J., Pruesse, E.,
Quast, C., Schweer, T., Peplies, J., Ludwig, W. & Gloeckner,
F.O. (2014). The SILVA and “All-species Living Tree Project
(LTP)” taxonomic frameworks. Nucleic Acids Research, 42:
D643–D648.
Zhu, F., Massana, R., Not, F., Marie, D. & Vaulot, D. (2005).
Mapping of picoeucaryotes in marine ecosystems with quantita-
tive PCR of the 18S rRNA gene. FEMS Microbiology Ecology,
52: 79–92.
A. Stecher et al. 16
D
ow
nl
oa
de
d 
by
 [A
lfr
ed
-W
eg
en
er-
In
sti
tut
 H
elm
ho
ltz
-Z
en
tru
m 
fü
r P
ola
r- 
un
d M
ee
res
fo
rsc
hu
ng
] a
t 0
1:4
8 2
7 O
cto
be
r 2
01
5 
